A new low temperature continuous approach for the surface modification of hydroxyapatite (HA), is described. In this method, the HA particle surfaces were modified using methacrylic acid, vinylphosphonic acid, adipic acid, citric acid or polyvinyalcohol, respectively, using a continuous plastic flow synthesis (CPFS) system at a reaction temperature of 70 °C for 5 minutes. The materials were investigated using a range of analytical techniques, including TEM (Transmission Electron Microscopy), zeta potential, XRD, (X-ray diffraction), BET (BrunauerEmmett-Teller) surface area analysis, FTIR (Fourier Transform Infrared) spectroscopy and XPS (X-ray Photoelectron Spectroscopy). The presence of organic agents in the reagents, resulted in a significant reduction in particle size of the nano-HA rods; TEM studies confirmed the formation of highly dispersed nano-rods of HA with average lengths and diameters in the ranges 20 to 60 nm and 4 to 10 nm, respectively. XPS analyses suggested that the Ca:P molar ratio decreased from 1.67 2 to ca. 1.34 by the addition of organic surface agents. The zeta potential measurements revealed that the colloidal stability of surface modified HA, generally increased the stability of nanoparticles in water (under certain conditions) compared to ungrafted HA. Therefore, the small size and presence of functional groups, makes these materials potentially suitable for dental restoration fillers and composite bone regeneration applications.
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Introduction
Hydroxyapatite [HA, Ca10(PO4)6(OH)2] is a synthetic bone substitute material that has a range of applications in the fields of dentistry and regenerative medicine for example as bulk defect bone fillers, as a reinforcement material in biomedical composites, as a biocompatible coating on implants, and as a component in bone and dental cements 1-5. Synthetic HA chemically resembles the biological apatite found in natural teeth and bone, and this can be exploited for biomedical applications [6] [7] [8] . In particular, HA in nanocrystalline form, is of interest in bone replacement ceramics or composites, because of its hardness, ease with which it can be sintered to high density 9 and its potential to be incorporated into hybrid biomaterials.
Surface modification of HA by functionalised organic molecules or polymers, provides a way to control the size and surface properties. There are two common procedures to functionalize HA using organic agents. The first method is surface adsorption; indeed many proteins and polymers can be adsorbed onto the surface of HA 10 . Secondly, surface grafting of organic reactive agents through strong covalent bonding; such particles have applications in the field of HA/polymer composites, column chromatography of proteins, cell culture carrier and as catalyst support materials 9, 11, 12 .
Pure stoichiometric synthetic HA can be modified to have a large amount of P-OH groups on the surface of particles, therefore, a number of organic or/and inorganic substances have been introduced to HA surfaces via the P-OH functionality.
Increasing the number of surface P-OH groups is of interest because they can act as anionic surface charges that offers a favorable environment for protein adsorption.
Furthermore, increased numbers of P-OH groups, can lead to increased electrophoretic mobility and good dispersibility in an aqueous phase (via the charge stabilization mechanism) 2, [13] [14] [15] [16] [17] [18] . For the synthesis of HA and other bioceramics, the method and conditions of preparation, greatly influences the final properties, nature and crystallinity of the precipitated powder. Reaction parameters for synthesis are important, such as temperature, pH, time as well as aging time, variation in initial Ca:P ratio, concentration, mixing dynamics and choice of precursor, etc. [19] [20] [21] . The main objective of the present study was to develop surface-modified nano hydroxyapatites using a facile, low cost, energy efficient and relatively low temperature direct route. These surface modified nano-HAs were extensively characterized and subsequently assessed for the colloidal stability using zeta potential measurements.
Experimental

Materials
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Synthesis Methodology
Synthesis of nano-hydroxyapatite
Nano-hydroxyapatite (HA) was prepared using a simple continuous plastic flow synthesis (CPFS) system. In this method, 0.3 M diammonium hydrogen phosphate solution and 0.5 M calcium nitrate solutions were pumped in the CPFS (Ca : P molar ratio: 1.67) system using pump 1 (P1) and pump 2 (P2), respectively ( Figure 2 ). The pH of both the Ca 2+ and PO4 3-ion solutions prior to the reaction, was kept at pH 10.
5.0 mL and 15.0 mL of ammonium hydroxide was added to calcium nitrate (500 mL) and diammonium hydrogen phosphate solutions (500 mL), respectively. Both reagent solutions were pumped at 20 mL min -1 , to meet at a 1/16 inch Polyflon™ Tpiece through a 1/8 inch Polyflon™ straight union reducer (D6-D1/8", PFA). in a beaker at the exit point and the solids were quickly recovered by centrifugation at 4500 rpm for 10 minutes (note: it is important not to leave the products for too long in the liquor as they may continue to react). The supernatant was then quickly removed and wet solid residue was briefly redispersed in deionized water using a vortex mixer (VWR model VM-300) for 5 minutes, followed by two further centrifugation and washing cycles. The wet residue obtained was freeze-dried using a VirTis Genesis Pilot Lyophilizer 35XL (SP Scientific, UK) at 0.3 Pa for 24 hours.
The product obtained after freeze-drying was a fine free flowing white powder with 88% yield.
Synthesis of surface modified hydroxyapatite:
The surface modified hydroxyapatites were obtained following a similar procedure as for pure nano-HA, except the calcium containing precursor additionally contained the appropriate amount of (0.05 M) surface agent. Resulting nanopowders were termed PVA-HA (polyvinyl alcohol-hydroxyapatite), A-HA (adipic acidhydroxyapatite), C-HA, (citric acid-hydroxyapatite), VPA-HA (vinylphosphonic acid-hydroxyapatite) and MA-HA (methacrylic acid-hydroxyapatite).
Characterisation Methods
Elemental Analysis
X-ray photoelectron spectroscopy (XPS) analysis of the nano-HA was carried out using a Thermo Scientific K-Alpha XPS. A monochromated Al K-alpha source (E = 1486.6 eV) was used with maximum power of 72 W. X-rays were microfocused at source to give a spot size on the sample in the range 30 to 400 µm. The monochromator comprised of a single toroidal quartz crystal set in a Rowland circle with a radius 250 mm. The vacuum chamber pressure was set at 3 × 10 -8 Torr. The spectra were collected at an energy of 150 eV for survey scans and at 50 eV for high resolution regions. A 128 channel position sensitive detector was used. The binding energy scale was calibrated by a C 1s peak at 285 eV and the spectral intensity of the Ag 3d 5/2 peak from a clean sample was > 2.5×10 6 counts s -1 at a full-width half maximum (FWHM) of 1 eV. The XPS spectra were processed using the standard supplied "Casa" XPS software package.
Transmission Electron Microscopy
A JEOL JEM-1200EX II Transmission Electron Microscope (TEM) was used to produce micrographs. Digital images were taken with a side mounted AMT 2K, high sensitivity digital camera (Debens, East Grinstead, UK). A small amount of nano-HA (~ 10 mg) was dispersed in 10 mL methanol (Merck, Darmstadt, Germany) and then placed in an ultrasonic water bath (model USC100T, VWR, East Grinstead, UK) for 2 minutes to yield a dilute suspension. Just a few drops of the resulting suspension were deposited on a carbon-coated copper TEM grid (Agar Scientific, Stansted, UK). This grid was allowed to dry in air at room temperature, before inserting it into the TEM. To estimate particle size distributions, the freely-available "Image J" software was used to measure the dimensions of 200 particles of nano-HA, spread over several micrographs.
Powder X-ray Diffraction
A Bruker AXS D4 Endeavour X-ray Diffractometer (XRD) was used to investigate the crystal structure of the nano-HA. XRD Spectra were collected in the 2θ range of 5 to 80° with a step increment of 0.05° and a step time of 2 s using Cu-Kα radiation (λ = 1.5406 Å). The standard supplied "DIFFRACplus Eva" software package was used to compare the XRD spectra with the standard reference pattern for HA.
Specific Surface Area
Determinations of specific surface area by the BET N2 adsorption method were made using a Micromeritics ASAP 2420 analyser. Sample tubes were washed with methanol and dried overnight at 100 °C in an oven. Prior to the N2 adsorption experiment, the samples of nano-HA were weighed and degassed under vacuum for 12 hours at 180 °C. After degassing, the samples were weighed again: this was the mass used in the calculation of specific surface area.
Fourier Transform Infrared (FTIR)Spectroscopy
The chemical and structural properties of the nano-HA were probed using a Nicolet 6700™ FTIR spectrometer (Thermo Nicolet, UK). A photo-acoustic sampling (PAS) accessory (MTech PAS cell) was used in conjunction with FTIR, which permitted analysis of neat samples without the need of further sample preparation (e.g. grinding with KBr and pressing into a transparent disc). The sample chamber was purged with helium gas. The spectra were collected by accumulating 256 number of scans, in mid-IR range (4000 to 400) cm -1 at 4 cm -1 resolution. A background spectrum was collected using a carbon black film.
Zeta Potential Measurement
Zeta potential was determined using a Malvern Instruments Zetasizer operated in backscatter mode (173°). The measurements were carried out using an electrophoretic technique in which the sample slurry produced by the CPFS process (solid content ~ 1 vol%). A neat disposable zeta cell was used as a measurement chamber for particle analysis. Measuring electrophoretic mobility in the applied electric field, was used to assess colloidal stability of the dispersed particles. The described values for zeta potential are the average of three repeat measurements.
Results and Discussions
Transmission Electron Microscopy
Transmission electron microscope images of pure HA (ungrafted hydroxyapatite) and MA-HA (methacrylic acid), respectively, made at 70 °C in five minutes residence time.
Zeta Potential Measurements
on the particle surfaces and particle surface conditions, affect zeta potential. The measurements were carried using a sample slurry produced by the CPFS process with solid content of ~ 1 vol% that was diluted ca. x100 with water and then placed in an ultrasonic bath for 10 minutes to help disperse the sample. Zeta potential measurements were performed on selected samples to investigate the colloidal stability related to surface charge of the pure HA and surface-modified HA. Zeta potential gives the electrostatic potential of particles, which is directly related to their dispersion stability; the higher the magnitude of zeta potential values, the greater the electrostatic repulsion and, therefore, the higher the colloidal stability of the suspension. At pH of 12, the zeta potential value of -43.8 mV was measured for MA-HA (70 °C) and -40.6 mV for VPA-HA (70 °C ), respectively, which would be expected to stabilize the particles from agglomeration as shown in Figure 6 . 
Powder X-ray Diffraction
The powder X-ray diffraction data of pure HA [supplementary Figure S1 respectively. All samples were made in a continuous plastic flow system at 70 °C.
Fourier Transform Infrared Spectroscopy
The contribution of the PAS-FTIR technique in the spectrochemical analysis of biomaterials, is an ideal technique where neat samples can be analysed (without the need for extensive sample preparation). It is deemed necessary to purge the sample with helium gas in combination of drying agent by employing magnesium perchlorate. This ensured to keep the system completely dry and free of atmospheric moisture. All samples were made in a continuous plastic flow system at 70 °C.
X-ray Photoelectron Spectroscopy
XPS analysis of VPA-HA sample made at 70 °C, revealed that the ratio Ca/P was (1.66), making it closely matching to stoichiometric value in phase pure HA (XPS survey spectrum shown in supplementary figure S3), whilst it was observed that in surface modified HAs, the Ca:P molar ratio decreased to ca. 1.34 due to the addition of organic modifiers (Table S2 ). This is clearly suggests that some of the ligands are replacing near surface inorganic phosphates.
The deconvoluted spectra for Ca, P, and O in sample VPA-HA, are presented in Figure 9 . The Ca 2p spectrum in Figure 9 (a), could be resolved into two peaks for Ca 2p3/2 and 2p1/2 (two spin-orbit pairs) at 347.4 and 351.3 eV, respectively, which are from the calcium in hydroxyapatite. These peaks are shown in Figure 9 (b); the phosphorus 2p peak can also be deconvoluted into two peaks with a spin orbit splitting for p1/2 and p3/2 levels, with binding energy of 134.2 and 133.4 eV (much of the literature suggests this as a single peak), respectively [36] [37] [38] . Figure carbons (at higher binding energies with a weak peak centred at ca. 288 eV) 39, 40 . 
Discussion
In the present work, it was observed that the properties of the precipitated material e.g., surface area and particle morphology, depended mainly on the type of organic surface modifying agents. Organic agents are often used to avoid agglomeration of nanoparticles and allow control of particle growth and formation, for the application of many nanoparticles depends upon the particle being dispersed in an appropriate medium. A dispersion of nanoparticles in solvents generally occurs due to steric (or electrostatic) stabilization from the organic capping agents 39 .
Hydroxyapatite or similar inorganic nanomaterials often possess high affinity for polar organic molecules of organic acids and can form chemical bonds with them.
The adsorption capacity of these organic agents on a hydroxyapatite surface, depends on polarization and coordination ability. Negatively charged carboxyl and hydroxyl groups in organic agents can affect particle morphology by their ability to bind with calcium ions. Electrostatic interactions take place between cationic sites in the HA mineral and the anionic groups in the complexing agents. As the amount of complexing agent increases, it may lead to a great number of nuclei for HA growth that may in turn, give smaller crystal sizes 40 . The suggested mechanism may have been accompanied by a slight decrease in c parameter (using values extracted from XRD data) with reducing crystallite size (see supplementary Table S1 ) 9 . The additional surface P-OH groups through modification in the literature, can give improved dispersions of nanoparticles (because of higher electrostatic repulsion compared to unmodified ones), that can provide a suitable environment for protein adsorption 2, 41 . The surface functionalized nano-HAs herein, with remarkably high surface areas (>200 m 2 g -1 ) and small particle sizes (typically >25 nm) compared to that reported in the literature, may open up potential applications for use in injectable bioceramics or as a suspension spray feedstock to make bioactive coatings on metallic implants, or as hard fillers in dental cements and biomedical nanocomposites. In further research, the authors showed that the surface area could be even further modified using different synthesis temperatures (see supplementary figure S5 , which describes more information about surface area vs reaction temperature in the CPFS). In particular, the high surface are of these nanomaterials should lead to them showing enhanced protein adsorption and cell adhesion during cell-substrate interaction upon implantation 42 . Thus, enhanced protein adsorption or cell interactions 43 on the on high surface area nano-HA particles (or materials with nanometre topography), might be expected to enhance or certainly alter bone growth rates. Additionally, in case of HA, for a grain size > 100 nm, these materials sometimes exhibit insufficient apposition to bone, leading to implant failure. Most importantly, use of the high surface area surface modified nanoparticles, can be exploited to improve interfaces between cells and implants by altering the chemical, biological and mechanical properties 6 , with applications in bone repair, such as spinal fusion 44 and for apoptotic studies on cancer cells 45 .
Conclusions
The synthesis of surface-modified HA for a range of surface modifiers, was achieved in 5 minutes in a continuous flow reaction at 70 °C for the first time. Use of both surface agents as well as an elevated temperature, resulted in the generation of very small particles. Clearly, in comparison to the literature, when much higher temperatures are used for the synthesis of HA in flow (where the particles tend to grow larger), it can be concluded that the temperature of 70 °C meant that Ostwald ripening effects were not so dominant and particles could remain small. Surface modification reactions, resulted in the production of nanoscale HA crystals that could be readily dispersed in a liquid phase and that possessed remarkably high surface areas. These fine, highly dispersed nanoparticles might certainly be of interest as injectable bioceramic materials or as use in nano-biocomposites.
